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I. Introduction and Summary 

The results presented in this report were obtained during 

the six month period 15 September 1964 to 15 March 1965. The 

following personnel were actively engaged in the research program: 

Facu 1 ty : 

Dr. John C. Corelli (Half time) 

* Adjunct Professors James W. Corbett 

and Professor H. B. Huntington of the Physics Department 

served as part time consultants. 

and George D. Watkins" 

Graduate Students: 

Mr. John F. Becker (Left March 15, 1965) 

Mr. Li-Jen Cheng 

Mr. Orrin H. Merrill 

Mr. Arne Kalma 

M r .  John E. Fischer (AEC Fellow) 

Research Technician: 

James W. Westhead 

Undergraduate Thesis Students (Physics Department): 

Mr. Martin R. Gaerttner 

Mr. Martin Weinhous 

* Full time scientists at the General Electric Research Laboratory, 
Schenectady, New York. 
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U The general topics which are reported herein are summarized 

briefly: 

1. Carrier lifetime experiments in n-type germanium 

(Sb-doped) irradiated with 4 5 0  Mev electrons at 86OK with 

subsequent annealing experiments to 625'K in which recovery 

characteristics are examined for both short lived recombination 

centerss500 microseconds and.long lived "trapping centers 

> 1000 microseconds. 
rJ 

2. The annealing of infrared defect absorption bands in 

60 Mev electron irradiated (at 320°K) pulled and floating 

zone silicon. 

to 800°K. 

The annealing experiments were run from 34OoK 

3. Studies on the electrical properties of high resistivity 

germanium after 320°K irradiation with electrons of 15 - 50 
MeV. 

4. Low temperature ( 5  20°K) irradiation and annealing of 

electrical properties of 45 Mev electron-irradiated pulled 

and floating zone silicon. 

5. Infrared studies with 45 Mev electron-irradiated 

oriented single crystal silicon to study anisotropy characteristics 

of defects using stress techniques. 

6. Initial results on the use of photoconductivity to study 

defects induced in silicon by 45 Mev electrons at 300°K and 8OoK. 

Portions of the results obtained in the research program 

have been given in various presentations and papers during the 

period 15 September 1964 to 15 March 1965 and are listed below: 
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1. "Carrier L i f e t i m e  Studies i n  Elec t ron  (10 - 55 MeV) 

and Proton (25 - 110 MeV) I r r a d i a t e d  Germanium" by J. E. Fischer  

and J. C. C o r e l l i .  J. Appl. Phys. - 3 5 ,  3531 (1964) .  

2 .  "Recovery o f  45 Mev Electron-Induced Defects i n  n-type 

S i l i c o n  from 8OoK t o  35O0K' '  by Li-Jen Cheng and J. C. C o r e l l i .  

Bul l .  Am. Phys. SOC. - 9 ,  654 (1964) .  
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11. Carrier Lifetime Experiments in 10 - 50 Mev Electron- 

Irradiated Germanium 

John E. Fischer 

In the last progress report3 we mentioned that we had 

received a medical X-ray machine and a new X-ray triode from 

the General Electric Company. 

provide 10 nanosecond pulses of X-rays by biasing the grid 

at 2 KV with respect to the filament, then driving the grid 

slightly positive by discharging five feet of  RG-8 coaxial 

cable with a mercury-wetted relay. 

were extremely clean; however, the peak X-ray intensity was 

The power supply was modified to 

The X-ray pulses obtained 

limited to about 10 3 R/sec by heat dissipation of the filament. 

This intensity was sufficient to produce an injection level 

An/n of less than 0 . 3 %  in high-resistivity germanium. At this 
time a cold-cathode flash X-ray machine >k was purchased, which 

7 

is capable o f  producing 10’ R/sec. 

that injection levels in excess of 35% are now obtainable in 

d10pL-cm germanium using 5 0 / n s  pulses of 150 KVP X-rays. 

use of this machine for making lifetime measurements was 

suggested to us by Dr. 0. L. Curtis. 

Preliminary tests indicate 

The 

first 

A series of experiments were performed on Sb-doped germanium 

using the same xenon flashtube arrangement as before (see last 

two progress  report^).^ These will be discussed in some detail 

J; Model 8 4 5 ,  Field Emission Corporation, McMinnville, Oregon. 



since they shed light on the question of the origin of radiation- 

induced trapping and the difference in annealing behavior between 

high-energy and low-energy damage, 

The first experiment of this series consisted of irradiating 

at 86OK a well-polished piece of 8.5n-cm material (k" x % 1 1  x 3 / 4 9  

to a flux of :95 x d4 e/& of 45 - 55 MeV. 
performed at the 224' port of the NASA switcher magnet; due to 

temporary difficulties with the Linac, the input beam to the 

switcher was rather broad in energy, leading to large uncertainties 

in flux and energy at the sample. This dose was sufficient to 

increase the 86OK lifetime from 30 

indicating an extremely strong trapping process. The cryostat 

was then removed from the target room and 10 minute isochronal 

anneals were performed in situ up to 420°K, at which point the 

solder melted. 

and reapplying leads after each anneal, the heating being done 

in a silicone oil bath in a diffusion furnace. 

This run was 

sec to 10 msec in the dark, Y 

The annealing was carried to 65Z°K by re-etching 

It is known that trapping is manifested in two ways; either 

a long tail appears on the time decay of excess conductivity 

(as seen in silicon by Haynes and Hornbeck,' among others ),  or 

the decay remains exponential and the lifetime increases with 

decreasing temperature.' 

doubt, because the trap density and/or cross-section far exceeded 

the corresponding recombination level values at low temperatures. 

4 

The latter case applied here, no 

It is also known that the trapping behavior can be reduced 

by shining light on the sample. This is usually interpreted 
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as follows: the light excites electrons from the valence band 

into the conduction band which are then captured by the trap 

(assuming an electron trap), and the trap is no longer highly 

attractive to xenon-light-induced electrons, which can now proceed 

to recombination centers and be removed from circulation. In 

our case we were able to reduce the lifetime from 10 msec to 

1 msec (at 86'K) in this manner. 

cases the decays were exponential to within a few per cent at 

all temperatures and throughout all the anneals. 

We must emphasize that in all 

A brief sample of the results will now be presented. In 

Figure 1 we plot vs. 1000/T before irradiation and after 

several anneals, the data here all being taken in the dark. 

The data shown were taken as the sample cooled down from each 

successive annealing temperature, so naturally one does not 

get the full picture after the earlier anneals. 

The shape of the pre-irradiation curve is worthy of comment, 

being rather similar to that for p-type germanium, as shown in 

the last progress report , 3  namely, two distinct "slopes" are 

apparent. The high-temperature slope isd.2 ev, in agreement 

with observations by Curtis;5 the low-temperature value is <.05 ev, 

as in the indium-doped germanium sample. If one assumes that 

recombination in unirradiated material occurs through two 

independent Shockley-Read6 levels, the observed lifetime is 

given by 

- 

i 
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Now the observed pre-irradiation behavior can be explained by 

summing in this fashion two levels, one of which has approximately 

the low-temperature slope ( d . 0 5  ev) and one of which is about 

.05 ev deeper than the high-temperature slope. 

parameters involved makes it prohibitive to obtain an exact 

fit in this case, but an example is given in Figure 2 to give 

an idea of what can happen. The conclusion is fairly obvious: 

measurements must be carried to sufficiently low temperatures 

to determine if there are shallow levels which lower the high- 

temperature slope. In the example given (in which the density 

of extrinsic carriers is about one-half that in the sample 

shown in Figure l), the presence of two levels in the same 

half of the gap as the Fermi level give rise to an observed 

The number of 

high-temperature slope 0fd.08 ev, whereas the two levels are 

0.05 ev and 0.15 ev. The observed slope is closer to the former 

value because the product of hole cross-section and level density 

was taken as LO2 larger than the deeper level. 

Figure 1, it is entirely possible that one of the observed 

levels before irradiation is associated with the surface (since 

Referring to 

we used unfiltered light, which creates large gradients near 

the illuminated surface); we hope to resolve this question 

with the X-ray equipment. 

We return now to the problem at hand. Figure 3 represents 

the isochronal annealing behavior of the traps (reference tempera- 

ture = 10O0K) and the recombination centers (286OK). 

chosen to plot log (1 - f) for traps and log f for recombination 
We have 
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centers; this may pose some slight difficulty in studying the 

plot, but the details show up much more clearly. 

not annealed, f, is given by 

The fraction 

i y- - 1 q=- 5 L k, 
'/?L - yrc, 

where 'T and 7 denote pre-irradiation, pre-anneal and 

post-anneal values of lifetime at the reference temperature. 

The (+) sign holds for recombination centers and the (-) sign 

for traps. Here again, all measurements are in the dark. The 

values of for recombination centers are 

not directly known; the former was taken as zero and the latter 

as lo5 sec . 

I L  

yTc  for traps and /r. L 
l 

-I 

The following observations can be made, referring to 

Figure 3 :  

1. Both types of defect level persist to very high tempera- 

tures. In similar material irradiated at room temperature with 

t -rays, Curtis' observes that f is down to 0.04 at 485OK 

whereas we still hsrve *20% left at that temperature. 

2. Two closely-spaced "stages" of trap annealing occur 

below room temperature, accounting for less than 0.5% of the 

recovery. 

appareD5iy uncorrelated. The first point on the recombination 

curve a: 304'K represents the first anneal in which the lifetime 

showed any decrease with decreasing temperature. On the basis 

of one sample, the nature of the defects responsible for these 

Up to 390°K, the trap and recombination recovery are 

two peaks cannot be speculated on. We will present evidence 

later which suggests that they are characteristic of high- 

energy bombardment. 
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3. Between 390°K and 480°K, about 15% of both types of 

levels anneal out. 

same defect, although in other regions of annealing temperature 

there is no such correlation. 

This suggests that they may belong to the 

4 .  There is an increase of trap density of about 12% 

accompanying a decrease of recombination center density of 

-18% between 48OoK and 600°K. 

of ( 3 ) ,  namely, some constituent of the defect which exhibits 

recombination behavior is being freed and is ultimately associating 

with some other defect to produce trapping levels. 

behavior has been observed in silicon by Watkins and Corbett 8 

using ESR, and by other members of our group3 using infrared 

absorption, that is, the disappearance of one type of ESR 

spectrum or absorption band may be accompanied by the increase 

of another. 

This suggests just the opposite 

Similar 

It is also observed that, for anneals below 480°K, the 

fractional increase in 7~ at low temperature by shining white 
light on the sample is roughly the same after each anneal. This 

is to be expected since these photo-induced carriers must travel 

across the band gap and then into a trap, so that a change in 

the trap energy with annealing temperature (which is suggested 

in Figure 1) should not change the number which are filled by 

light. On the other hand, illumination with infrared light will 

excite carriers from a band directly into the traps, and the 

wavelength used will be a direct measure of the trap energy. 

We are planning to try this method soon, using a Nernst glower 
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and a set of 111 - V and I1 - VI semiconducting compounds as 
filters. 

We now return to Figure 1 and consider the shapes of the 

trapping portion of the curves. The calculation by Wertheirn 2 

considers a single trap having zero cross-section for carriers 

of one sign and a temperature-independent constant for the others, 

in conjunction with a single recombination center. 

increases with decreasing temperature, a semilog plot should 

give a straight line whose slope is either the trap energy or 

the difference in energy between the trap and the recombination 

level, depending on the temperature dependence of the recombination 

center. The non-agreement of the curves in Figure 1 with this 

Where 

prediction could be due to more than one trap, temperature- 

dependent cross-sections, interaction of several recombination 

levels with one trap, or a combination of these factors. The 

652OK curve indeed suggests that more than one recombination 

level exists, but the change in slope of the 48OoK and 601°K 

curves at 1000/T - 8.5 suggests the presence of more than one 
trap (in rough analogy with Figure 2). We must emphasize, 

however, that the decays were quite exponential at all temperatures, 

in contrast with bicker's results on silicon. More will be 

said about this later. 

deviation from non-linearity is greater at high temperatures, 

which would be consistent with a cross-section varying as some 

negative power of T. 

that none of these possibilities can be ruled out at this time. 

With regard to the 400°K curve, the 

The problem is obviously complex enough 
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We plan to measure VS. injection level at several temperatures, 

which can be used to check the variation of the cross-sections 
with temperature. 9 

In view of the above factors, it is difficult to distinguish 

between the traps which anneal strongly between 400°K and 480°K 

and those which come in at 48OoK - 600°K. 
it appears that the latter may be somewhat deeper but we must 

be aware of the pitfalls suggested by Figure 2 in assigning real 

meaning to the slopes over a limited temperature range. 

general, the shapes are the same up to the 400°K anneal, which 

suggests either that one trap predominates or that if there are 

several, they anneal at the same rate up to 400°K. 

possibility is considered more likely. 

iCL 'c7 
In the range 6 4 ~ { 8  

In 

The former 

Summarizing briefly, the annealing can be considered in 

several phases. 

anneals, with no apparent change in process. A t  the same time, 

roughly 60% of the radiation-induced recombination behavior is 

removed, but it is not known whether this is a true annealing 

or merely due to the minimum in In% vs. 1 / T  moving to higher 

temperature as the traps go out. 

both effects are reduced by &15%, with some change observed in 

the shapes of the trapping behavior. 

trapping behavior increases to within 0.5% of what it was immediately 

after irradiation, accompanied by an 18% recovery in recombination 

behavior. A possible mechanism for this has been given. Finally, 

at 65Z°K, the sample is essentially back to its pre-irradiation 

Up to 390°K, about 0.5% of the trapping behavior 

In the range 400°K to 480°K, 

From 48OoK to 600°K, the 
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condition. 

stat and etched six times.) 

further with the improved equipment now at our disposal. 

(Recall that it has now been removed from the cryo- 

We plan to study this material 

In another experiment, two more samples from the same 

ingot were irradiated at 300°K, one with 3 x 1OI2 e/cm2 at 55 MeV, 

the other with 2 x 1013 e/cm2 at 10 MeV. Oscillograms were taken 

at 85OK and plotted in the manner given by Baicker' to determine 

the trap energy and density. This is shown in Figure 4. First, 

we note that for the two room-temperature samples there is some 

fast initial recombination observed at 85OK, whereas in the 

low-temperature-irradiated sample the decay was exponential. 

Second, if this data is analyzed in terms of Figure 1 of 

Reference 4, the trap energy is 0.14 2 . 01  ev from a band edge 

and the introduction rate is a factor of 10 larger for the high- 

energy run, namely 1.5 cm-l as opposed to 0.16 cm'l at 10 MeV. 

Quantitative results cannot be obtained for the low-temperature- 

irradiated sample since its lifetime is completely unresolvable. 

A slope of nJ0.14 ev is not inconsistent with the low-temperature 

portion of Figure 1, and also this sample should have about 10 2 

more traps than the high-energy room temperature irradiated one 

which explains why the lifetime is completely swamped by the 

trapping effects. We conclude that these traps, which anneal 

below 400°K, are associated with a complex defect produced in 

greater number by higher energy electrons. 

We have alluded to several experiments we plan f o r  the near 

future. In addition, we plan to simultaneously irradiate a 
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bridge sample and a lifetime sample cut from the same portion 

of an ingot in an attempt to correlate annealing of conductivity, 

mobility, trapping and recombination. It was felt that measuring 

lifetime on a bridge sample would lead to excessive difficulty 

masking the electrodes from the 150 KVP X-rays. 
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111. Infrared Properties of 60 Mev Electron- Irradiated Silicon 

J. F. Becker 

In previous progress reports we presented results on the 

effects of 2 4 0  Mev electrons on the infrared properties of 

floating zone (low oxygen concentration C 

(high oxygen concentration > 1017 ~ m - ~ )  silicon. 

to study the problem further and to investigate the possible 

energy dependence of the radiation-induced defect infrared bands, 

~ m - ~ )  and pulled 

In an attempt 
w 

rc, 

we recently completed a series of detailed annealing experiments 

on 60 Mev electron-irradiated silicon. 

during irradiation was 5 300°K. ) 
(Sample temperature 

Experimental Results: 

The characteristics of the silicon samples studied together 

with the incident electron energy, resistivity values before and 

after irradiation, total integrated fluxes and sample thicknesses, 

are given in Table I. In all annealing results to be presented 

the sample was kept at temperature for twenty minutes, and the 

area under the radiation-induced absorption peak was taken to 

be a measure of the relative defect concentration. 

/" Figure 5 shows the isochronal annealing results on the 1.8 

defect absorption band for one floating zone and two pulled 

(oxygen containing) silicon samples. The relative defect con- 

centration is plotted as a function of the annealing temperature 

C. The three samples shown in Figure 5 also exhibit bands in 

at 3 . 4 6  and 3.62 

0 

when the sample is cooled to 80°K. However, Y 
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the 3 . 4 6  and 3 . 6 2  

is used, indicating that we are observing different states of 

ionization of the defect responsible for the 1.8, and the 3 . 4 6 ,  

bands are not seen when monochromatic light /" 

bands. In each case the 3.46  and 3 . 6 2 ~  bands anneal out 3 * 6 2 P  
at the same temperatures as the 1.8 band. The isochronal 

annealing results for the 3.46 and 3 . 6 2  bands is shown in 

Figure 6 .  

always found to be produced more efficiently in oxygen-containing 

than in floating zone silicon. 

r 
Y 

The defects responsible for the 1 . 8 ~  band are 

The longest wave length defect absorption bands observed 

region. These very sharp bands 
l2 r in silicon were in the 9 - 

at 11.6  7 and 12 

Typical isochronal annealing results for pulled silicon are shown 

in Figure 7 where the relative defect concentration (area under 

absorption peak) vs. annealing temperature is displayed. The 

results given in Figure 7 are for a pulled (oxygen-containing) 

n-type silicon phosphorous doped sample ( i 1 2 . 1 ) ;  similar results 

(see Figure 8) were observed for the pulled p-type silicon 

boron-doped sample (ikl.1 - converted to n-type by the irradiation) 
described in Table I. From the results given in Figure 7, it can 

be seen that as the 11.6  and 12 bands approach complete annealing 

two other bands at 9 . 0 7  and 1 1 . 2 ~  appear, approach maximum 

intensity at +450°C, and finally disappear completely at 580 

and 53OoC respectively. 

were observed only in oxygen-containing silicon. 

Y- 
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Discussion of Resul t s  and Conclusions: 

Fan and Ramdasl have observed t h e  band i n  oxygen- 
lm8  f 

con ta in ing  s i l i c o n  i r r a d i a t e d  by low energy e l ec t rons  E(4 .5  MeV, 

9.6 Mev deuterons,  and r e a c t o r  neutrons.  However, i n  later work 

Fan and Ramdas4 repor ted  t h a t  t h e  1 . 8  p band w a s  not  produced 

i n  f l o a t i n g  zone s i l i c o n  i r r a d i a t e d  with 4.5 Mev e l e c t r o n s .  

shown i n  Figure 5 ,  t h e  d e f e c t  r e spons ib l e  f o r  t h e  1 . 8  

abso rp t ion  i s  produced i n  60 Mev e l e c t r o n  i r r a d i a t i o n  i r r e s p e c t i v e  

o f  t h e  oxygen concent ra t ion .  The only d i f f e r e n c e  w e  have observed 

i n  40 - 60 Mev e l e c t r o n  i r r a d i a t i o n  o f  f l o a t i n g  zone and pu l l ed  

s i l i c o n  i s  t h a t  t h e  1 . 8  

t h e  l a t t e r .  Fan and Ramdas' argue t h a t  oxygen a s s i s t s  i n  t h e  

formation of t h e  de fec t  respons ib le  f o r  t h e  absorp t ion  a t  1 .8  

and t h a t  t h e  d e f e c t  c e n t e r  of t h e  1 . 8  band c o n s i s t s  of a complex 

aggrega te  of  s i m p l e  d e f e c t s  formed more e f f i c i e n t l y  when many 

displacements  are produced c lose  t o  each o t h e r  (say by 9.6 Mev 

deuterons ,  r e a c t o r  neut rons ,  and 40 - 60 Mev e l e c t r o n s ) .  The 

p o i n t  i s  t h a t  t h e  de fec t  formation i s  a s s i s t e d  by t h e  presence 

of  oxygen atoms. 

\ 

A s  

P band 

band i s  produced more e f f i c i e n t l y  i n  Y 

r 
Y 

The exact  r o l e  of t h e  oxygen i s  unknown. 

The 1 . 8  band was shown by Fan and Ramdasl t o  be dependent r 
upon t h e  p o s i t i o n  of t h e  Fermi l e v e l  and i s  caused by one type of 

d e f e c t  i n  d i f f e r e n t  s t a t e s  of i o n i z a t i o n .  Moreover, both t h e  

and t h e  3.46 and 3.62 bands are a s soc ia t ed  wi th  energy 1 . 8  y 
l e v e l s  a t  about Ec - 0 . 2 1  ev .  

and t h e  3.46 and 3.62 bands annea l ing  out  t oge the r  s t rong ly  

sugges ts  they are a s s o c i a t e d  with t h e  same d e f e c t .  From t h e i r  

P 
The f a c t  t h a t  w e  observe t h e  1 . 8  

r 
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results, Fan and Ramdasl deduced that the 1.8 p absorption is 
not seen if the 0 .21  level is occupied by electrons and had not 

determined whether the 1 . 8 ~  band is observed with a Fermi level 

close to the valence band. Recently we have examined this point 

experimentally and have found evidence for the 1 . 8 ~  band in 

irradiated (50 Mev electrons) silicon that was still p-type 

after irradiation (see Section V of this report). 

If one compares the annealing of the 864 cm-l (Si-A center) 

radiation-induced oxygen vibrational band in Figures 7 and 8 to 

the annealing of the 1.8 ,u band (Figure 5) for samples 412.1 and 

ij1.1, there is a strong suggestion that as the 1.8 

at 250 - 3OO0C, the Si-A center concentration (834 cm-I band) 

increases slightly, implying that vacancies and/or oxygen atoms 

from the annealing 1.8 

vacancy complexes. We have observed this same effect in all 

annealing experiments performed on oxygen containing silicon, 

which tends to give additional credence to the conclusion that 

oxygen atoms may be involved in the defect aggregate giving the 

1.8 absorption. 

band anneals P 

center are producing additional oxygen- r 

From a series of isothermal anneals at 14OoC, 17OoC and 

2OO0C on the 1.8 

recovery was governed by a simple monomolecular process having 

an activation energy of 0.8 ev. This conclusion does not appear 

to agree with our results of Figure 5. In all of our annealing 

results on the 1 . 8 ~  band there appear to be at least two distinct 

stages of annealing (see Figure 5, which is a typical example), 

band, Fan and Ramdasl concluded that the r 
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implying a more complex annealing behavior than found by Fan 

and Ramdas consistent with the conclusion that the defect 

responsible for the 1.8 

would not expect to follow a single activation energy monomolecular 

process. 

band is a complex aggregate which one f 

The annealing behavior of the Si-A center at 834 cm" shown for 

typical oxygen-containing pulled crystals in Figures 7 and 8 is 

very similar to what has been observed by Corbett, Watkins, Chrenko 
and McDonald,2 and by Corbett, Watkins and McDonald 6 who used 

1.4 Mev electrons in their irradiation. do not 

report evidence for the bands at 864 and 1103 cm-', whereas Ramdas 

and Fan5 have observed the 864 cm-' and 834 cm-l band in neutron- 

irradiated silicon. We have found that the production of the 

864 cm'l band is flux dependent, reaching maximum intensity at 

r\/ 2 x 10l8 e/cm2 (40 - 60 Mev), decreasing with further irradiation 

Corbett et al. 2 y  

and finally disappearing afterd6 x 10l8 e/cm 2 . We conclude that 

the 834 ,  864,  894 and 1103 bands shown in Figures 7 and 8 are all 

defect vibrational bands associated with oxygen. 

The growth of the 894 cm'l band as the Si-A center (834 cm-l) 

anneals out (see Figures 7 and 8) was first observed by Corbett 

et a1,3 and reported by them in more detail later6 for 1.4 Mev 

electron-irradiated oxygen-containing silicon. In addition to 

the 894 cm-l band Corbett et a16 found three other new bands 

appearing in the range 887 - 1000 cm'l after the A center anneals. 

We do not observe any evidence for growth of bands other than 

the 894 cm-l and 1103 bands between 800 and 1103 cm'l shown in 
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Figures 7 and 8. The appearance of satellite and growth bands 

between 800 and 1000 cm-I has also been observed by Ramdas and 

Fan 5 in reactor neutron irradiated silicon containing dispersed 

oxygen. 

annealing studies of the growth and satellite bands. 

However, Ramdas and Fan3 do not report any detailed 

The Si-A center at 834 cm-l was first shown by Watkins, 

Corbett and Walker7 to be associated with the net acceptor 

level at Ec - 0.17 ev found from the electrical properties of 
irradiated oxygen-containing silicon. Saito, Hirata and 

Horiuchi' observed the 0.17 ev level from carrier concentration 

measurements in Co60 gamma (1.25 MeV) and 2 MeV electron irradiation 

of pulled silicon. 

by Merrill on 1.4 Mev electron irradiation of pulled silicon have 

shown the same annealing behavior for the 0.17 ev level as given 

in Figures 7 and 8 for the A center at 834 crn'l. 

Cheng has also observed the 0.17 ev level in 45 Mev electron- 

irradiated pulled silicon from electrical properties. 

Recent annealing experiments in our laboratory 

In our laboratory, 

Corbett et al. ,' and Watkins et a1.8 have shown that the 
834 cm'l band (Si-A center) is an oxygen vibrational band due 

to an oxygen atom coupled to a vacancy and is the dominant 

defect in irradiated oxygen-containing silicon. Corbett et al. 6 

have suggested a tentative model for the growth of the 894 cm-' 

band as the Si-A center anneals. They proposed a model in which 

the oxygen-vacancy complex (comprising the Si-A center) "diffuses" 

through the lattice as a unit until another isolated interstitial 

oxygen atom becomes attached t o  the complex. Then the new defect 



2 1  

involves the assaciation of two oxygen atoms and one vacancy 

and would give rise to one additional vibrational band. 

further heating an additional oxygen is united to the 02-vacancy 

pair, causing the emergence of other growth bands. Although 

speculative, the model appears to describe qualitatively the 

complex atom movements occuring during annealing. 

has been suggested to account for either the 864 cm-' or 1103 cm'l 

bands shown in Figures 7 and 8. 

Upon 

No model 
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o *  IV. 15 - 50 Mev Electron Irradiation of Germanium at 300 K 

A. Kalma 

Room temperature electron irradiation of various germanium 

samples was carried out at both ,215 Mev and . 350  MeV. Temperature 

dependence of the resistivity and carrier concentration of each 

sample was measured at various times during the irradiation. A 

list of the samples and the irradiation history of each one is 

given in Table 11. The numbering system used in this table is 

the same as that used in the figures for this section. A curve 

labeled n on a figure corresponds to a measurement made after 

the irradiation labeled n for the corresponding sample in the 

table. 

On the n-type samples, there was no dopant effect and on the 

p-type samples, there was no energy effect, so only one set 

of figures of resistivity and carrier concentration vs. 1/T is 

included for each type. Figures 9 and 10 are for n-type Ge, 

first irradiated with Co60  photons and then with 3 5 0  Mev 

electrons. Figures 11 and 1 2  are for n-type Ge, first irradiated 

with Co60 photons and then with $15 Mev electrons. 

13 and 14 are for n-type Ge only irradiated with 9 1 5  MeV 

electrons. Figures 15 and 1 6  are for n-type Ge only irradiated 

with 5 5 0  Mev electrons. Figures 17 and 18 are for p-type Ge 

Figures 

* 
Preliminary results from these experiments were previously reported 
in the Progress Report covering the period from 15 March 1964 to 
15 September 1964, "Radiation Damage to Semiconductors by High- 
Energy Electron and Proton Radiation", John C.  Corelli. These 
experiments were conducted in cooperation with John W. Cleland 
of the Solid State Division of the Oak Ridge National Laboratory, 
Oak Ridge , Tennessee. 
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irradiated with S 15 Mev electrons. 

The annealing and then re-irradiation of the Co60 irradiated 

samples was to ascertain if there was any dopant effect in the 

results. 

The energy difference on the n-type samples is obvious. 

A s  can be seen by comparing Figures 10 and 12, the higher energy 

electrons raise the hole concentration from the post Co6'-f 

irradiation level considerably more than the lower energy 

electrons. The former also lowers the slope of the carrier 

concentration a great deal more than the latter. Further irradiation 

still increases the hole Concentration for the 50 MeV sample and 

lowers it for the 15 Mev sample. This same trend can be observed 

after the annealing of the samples. After converting the samples 

to p-type, the 50 Mev electrons raise the hole concentration and 

the 15 Mev electrons lower it. 

are similar to neutron results suggesting that 50 Mev electrons 

produce disorder regions like neutrons do and these raise the 

hole concentrations and affect the apparent energy level of the 

defect. 

disordered regions, if they produce any. The same general conclusion 

can be drawn from the 30R-cm samples. 

be seen that 15 Mev electron irradiation converted the n-type 

sample to p-type and then raised the hole concentration slightly 

to a saturation point and further irradiation left it almost 

unchanged. Whereas, on Figure 16,  a sample irradiated with 

50 Mev electrons, the hole concentration on the p-type side 

The higher energy electron results 

The 15 Mev electrons do not produce any amount of 

From Figure 14,  it can 
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cont inues  t o  r i se  w i t h  f u r t h e r  i r r a d i a t i o n .  Again, t h e r e  i s  t h e  

energy d i f f e r e n c e  i n  t h e  r e s u l t s  where t h e  e f f e c t s  of disordered 

reg ions  can be seen on t h e  higher  energy sample and i s  much l e s s  

on t h e  lower energy sample. 

The r e s u l t s  on t h e  o r i g i n a l l y  p-type samples  were t h e  same 

r e g a r d l e s s  of energy. I n  Figure 18 i t  can be seen t h a t  e l e c t r o n  

i r r a d i a t i o n  r a i s e d  t h e  ho le  concent ra t ion  s l i g h t l y  and then 

s a t u r a t i o n  was reached. The work on t h e  n-type samples i s  

considered t o  be complete. Further work on p-type germanium 

may be s t a r t e d  la ter .  
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Table I1 

Doping, Resistivity and History of 

Room Temperature Irradiated Germanium Samples 
History Total 

Sample Type No Energy ( MeV) Flux (e/cm 2) 

I Unirradiated +type) - As6#1 Ge-N(As)-lOn -cm 

I1 1.25  2 x 10l8 
(Cob0 photons) (P-tYPe)* 

I11 55 5 (P-tYPe) 

IV 4 6  5 . 8  x (P- type) 

VI 5 0  5 . 7  x 10 (P-tYPe) 

V Annealed for 20 hours at 45OoC (n-type) 
16 

I Unirradiated (n- type 1 
I1 15 4 . 3  x (P-tYPe) 

As6#2 Ge-N (As)- 10fi-cm 

Sb6#1 Ge-N(Sb)-lOn-cm I Inirradiated (n- type) 

(Co60 photons) (P-tYPe)* 
I1 1 . 2 5  2 x 1 o I 8  

I11 15 

IV 17 

8 x 

3 . 3  x 

V Annealed for 20 hours at 45OoC (n-type) 

VI 15 4 . 3  x (P-tYPe) 
VI1 15 9.2  x (P-tYPe) 

Sb6#2 Ge-N ( Sb) - 10 fl- cm I Unirradiated (n- type) 
I1 1.25 8 x 1 O I 6  

(Co60 photons) (P-tYPe)* 

J; 
The Co60 photon irradiations were performed by John W. Cleland of the 
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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History Tota l  
2 Sample Type No Energy ( MeV) Flux (e/cm ) 

I11 45 5 (P-tyPe) 

I V  46 15 5 . 3  x 10 (P- type)  

V Annealed f o r  20 hours a t  45OoC (n-type) 

V I  50 5 . 7  x (P-tYPe) 

~~ 

SM40#1 Ge-N(Sb)-30R -cm I Unir rad ia ted  (n- type)  

I1 45 5 (P-tYPe) 

I11 46 5 . 3  (P-tYPe) 

I V  50 3 . 4  x (P-tYPe) 

SM40#2 Ge-N (Sb) - 30 A-cm I Unirradiated (n-type) 

I1 15 8 x (P-tYPe) 

P 

I11 1 7  3 . 3  x 10l6 (P-tYPe) 

I V  15 8.6 x (P-tYPe) 

V 15 13 .5  x (P- type)  

SM40V4 Ge-N(Sb)-30 fl-cm I - Unir rad ia ted  (n- t y p e  1 
I1 55 5 (P-tYPe) 

I11 46 5 . 8  x (P-tYPe) 

(P- type)  
16 I V  50 3.5 x 10 

~~ 

I Unir rad ia ted  (P-tYPe) 

I1 46 5.5  (P-tYPe) 

NCPL#l3Ge-P-30-cm I Unir rad ia ted  (P-tYPe) 

I11 15 6.2 x 10l6 (P-tYPe) 

I1 17 1.9 x (P- type)  
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V. Infrared Studies with 45 Mev Electron-Irradiated Oriented 

Single Crystal Silicon 

Li-Jen Cheng and John F. Becker 

Four samples of 100O-cm P-doped silicon were irradiated 
2 with 45 Mev electrons (two with an integrated flux of 3 x 1OI8 e/cm , 

2 the others with 6.5 x 1OI8 e/cm ) at room temperature. The 

electron beam was incident in the ( C c ~ )  direction for two of the 
samples, and the other two samples were irradiated with the 

beam incident along the direction. The infrared absorption 

of the radiation-induced 1 . 8 ~  band was measured with the infrared 

beam incident along the (to 0) and ( \ I  D} directions at room 

temperature using an AgCl polarizer. No significant dichroic 

ratio was observed in these samples. An experiment to find 

re-orientation of the defects under stress at higher temperature 

is underway. From this experiment we expect to investigate the 

anisotropy properties of the defects responsible for this 1.8 

absorption band. 
Y 

In the room temperature irradiated pulled silicon samples 

(P-doped) three weak vibrational bands at 533 cm-', 937 cm-' 

and 1022 cm-', in addition t o  the two vibrational bands at 

834 cm'l and 865 cm-l reported previously, have been observed. 

We can conclude that all the centers causing these bands must 

be associated with oxygen atoms in the crystal, since none of 

these bands have been observed in irradiated floating zone silicon 

samples of similar resistivity and chemical impurity. 

In Figure 19 the absorption coefficients of 8 3 4 ,  865 
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and 1022 cm'l bands are plotted as a function of integrated 

electron flux. 

The intensity of 834 cm-' band (due to the Si-A center) 

monotonically increases with flux and also shows a tendency to 

reach a saturation value. 

bands, which show that the absorption increases with flux initially, 

This is not the case for 865 and 1022 cm'l 

then appears to reach a maximum (at -2 x 1OI8 e/cm 2 ) ,  finally 

decreasing with increasing flux. This result suggests that the 

defects associated with these two bands may be formed by primary 

radiation defects and oxygen complexes, such as, a vacancy trapped 

by two or more oxygen atoms together, or, in the simplest case, the 

formation of an A center with one or more oxygen atoms nearby. 

Using this hypothesis, we may explain the decrease of the 865 cm-' 

bands in such a way that the probability for the oxygen atoms 

nearby to form an A center with a vacancy becomes higher with 

increasing dose because of the exhaustion of the free interstitial 

oxygen atoms. If this suggested mechanism is operative, one 

would observe a decrease in the 865 cm'l and 1022 cm-' bands. 

The intensity of the 933 cm'l band was also observed to 
2 decrease with dose after an integrated flux of 2 x 1OI8 e/cm , 

but the 937 cm'l band appears to increase slowly with dose up 

to 6.5 x 10l8 e/cm ; however, these two bands are very weak, 

making interpretation difficult. 

2 

In conclusion, one may say that the production of the various 

types of the centers corresponding to these bands depends on the 

condition of oxygen atoms in the crystal. This may explain in 
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part the reason that the number of radiation-induced oxygen- 

associated vibrational bands observed between 9 and 13 micron 

are different for various incident radiation particle and 

energy reported by others. 1, 2 ,  3 ,  4 

One sample of 3 0.01R-cm As-doped silicon (floating zone) 

irradiated at room temperature to a total integrated flux of 

2 x 10l8 e/cm2 45 MeV electrons was measured with infrared 

absorption at liquid nitrogen temperature. In addition to 

1.8 y at 3 . 3  p defect bands previously reported, there are 
several bands observed in the range from 4 p to 8 p  (see 

Figure 20) .  

probably corresponds to the broad 5 . 5  

H. Y. Fan and A. K. Ramdas, J. Appl. Phys. 30, 1127 ( 1 9 5 9 ) .  

However some fine structure was observed in the present work. 

The absorption change from 1600 to 2500 cm’l 

band observed by /”” 
- 

A new band at 1207  cm-l ( 8 p )  was observed in this As-doped 

sample, which disappears when a germanium filter is placed in 

the infrared beam in front of the sample. The band reappears 

when the sample is illuminated with a flash light. 

associated with these bands must be associated with impurity 

atoms (As) since none of these bands has been observed in the 

samples of higher resistivity (0. lfl-cm and higher). None of 

these bands has been observed at room temperature so the absorptions 

would be caused by electronic excitation. 

The centers 

For more information about the impurity effect on irradiation- 

induced infrared absorption bands in Si, further experiments are 
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needed and w i l l  be s t a r t e d  i n  t h e  next s i x  month per iod.  

One sample of f l o a t i n g  zone s i l i c o n  (B-doped) i r r a d i a t e d  

t o  a t o t a l  i n t e g r a t e d  f l u x  of 6 . 5  x 1OI8 e/cm2 with 45 Mev 

e l e c t r o n s  a t  310°K w a s  s tud ied .  

a f t e r  i r r a d i a t i o n  and exhibi ted both t h e  1 . 8 , ~  and t h e  3 . 9  

bands when the i n f r a r e d  spec t r a  were measured a t  300°K and a t  

8 O o K .  These bands have been reported by Fan and Ramdas i n  

r e a c t o r  neu t ron - i r r ad ia t ed  p-type samples  of low r e s i s t i v i t y .  

Fur ther  anneal ing experiments a r e  planned f o r  t hese  samples i n  

t h e  next  s i x  month per iod .  

The sample was s t i l l  p-type 

Y 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

33 

- References 

J. W. Corbet t ,  G. D. Watkins, R. M. Chrenko, and R. S.  McDonald, 

Phys. Rev. - 121,  1015 (1961). 

H. Y. Fan and A. K. Ramdas, Proc. o f  t h e  I n t ' l  Conf. on 

1 

2 

Semiconductor Physics,  Prague (1960), p .  309. 

J. C. C o r e l l i ,  G. C.  Oehler, J. F. Becker, and K. J. E i sen t r au t ,  

t o  be publ ished i n  J. Appl. Phys (May 1965). 

3 

4See Sec t ion  111 o f  t h i s  r epor t ,  " Inf ra red  P rope r t i e s  of 

60 Mev E lec t ron - I r r ad ia t ed  S i l icon"  by J. F. Becker. 



34 

VI. Recovery of Carrier Concentration and Conductivity from 80°K 

to 360°K in n-type Silicon after 45 Mev Electron Irradiation 

Li-Jen Cheng, 0. H. Merrill, and A. Kalma 

The results given in this section are an extension of 

previous studies to higher purity silicon. 

10a-cm arsenic-doped pulled silicon was irradiated at 80°K 

One sample of 

with 44 Mev electrons to a total integrated flux of 2.7 x e/cm 2 . 
An isochronal annealing experiment was carried out between 8OoK 

to 36OoK using temperature pulses of 10 minute duration similar 

to the experiments described in a previous progress report 

covering the period 15 March 1964 to 15 September 1964. 

The gross features of the recovery behavior of the damage 

are found to be similar to that which we have observed in lower 

resistivity (lower purity) silicon doped with phosphorous. The 

fraction of damage remaining in carrier concentration after 

successive anneals plotted a s  a function of annealing temperature 

is given in Figure 21. 

In order to investigate the properties of the radiation- 

induced defects in n-type Si in more detail, two silicon samples, 

one 16fl-cm P-doped floating zone crystal and the other an llfl-cm 

P-doped pulled crystal, were irradiated at 15OK in our liquid 

helium cryostat to a total integrated flux of about - 3  x e/cm 2 . 
(Due to technical difficulty in beam alignment, this flux measurement 

is quoted with a - + 30% accuracy.) Since the resistivities of 

these samples are too high and their variations due to temperature 

are too large at ~ 1 5 ' K ,  we could not perform the measurements 

I 
I 
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accurately enough, and the damage produced by irradiation was 

measured only after the samples had been warmed up to the liquid 

nitrogen temperature. 

carried out between 8OoK and 360°K using successive temperature 

pulses of 10 min. duration. The damages produced were 47% 

in carrier concentration, n, 65% in conductivity, for the 

floating zone sample and 67% in n, 69% in G for the pulled 
crystal sample. The fraction of damage remaining in carrier 

concentration of the two samples is plotted as a function of the 

successive annealing temperature and is shown in Figure 22. 

The measurements are made at a reference temperature of 8OoK 

after each anneal. The floating zone sample did not show any 

clear annealing stage as was obtained in the samples cut from 

same ingot and irradiated at 80°K, but it only exhibited a rather 

broad anneal from 80°K to 30OoK. 

reciprocal Hall mobility - 1 of the sample shows no definite 
structure as that of the sample irradiated at 80°K (see Figure 23). 

The total percentage of carrier recovery up to 350°K in the sample 

irradiated at 15'K was about 38%. 

An isochronal annealing experiment was 

The recovery curve of the 

P 

The recovery of the pulled crystal sample appeared to be 

in three stages as shown in the samples irradiated at 80°K 

(Figure 2 2 ) ,  but there was only a small reverse annealing observed 

at about 240°K, and the amount annealed out between 260°K and 

and 350°K also became smaller. 

By comparison of the data from 15'K and 80°K irradiations, 

we may conclude that formation of defects induced by 45 Mev 

electron at 1 5 O K  are not the same as those induced at 80°K. 
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In these experiments we have observed that there is some temperature 

dependence of formation of certain irradiation-induced defects. 

For example, the defects causing 240°K reverse annealing and 

290°K annealing in the pulled crystal are not primary defects 

produced by irradiation but are defects formed by combinations 

of oxygen atoms and the primary irradiation-induced defects 

(probably vacancies). Since, in the formation of those defects, 

there must be some irradiation-induced defect able to migrate 

at the irradiation temperature in order to meet the oxygen atom, 

this should cause the temperature-dependence of the formation. 

It was suggested for low-energy electron irradiation by Wertheim 

(Wertheim, G .  K., Phys. Rev. - 115, 568 LT9557) - and Mackay and 

Klontz (Mackay, J.  W., Klontz, E. E., J. Appl. Phys. - 3 0 ,  1269 

LTS557) - that the increase in efficiency of the production of 

defects with increasing temperature could be explained by assuming 

that the primary displacement event results in a metastable con- 

figuration of a vacance-interstitial pair. This metastable pair 

may then be thermally excited over a recombination barrier to 

annihilate the pair or over a liberation barrier to form stable 

defects. This concept regarding thermal barriers may be applied 

to high-energy electron irradiation in order to explain the 

temperature dependence o f  formation of certain irradiation- 

induced defects. 

The experimental results suggest strongly that some primary 

radiation-induced defects are not stable below liquid nitrogen 

temperature. From spin resononance work (G. D. Watkins, Jour. 
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Phys. SOC. Japan - 18, Suppl. 11, 22 LT9637; - G. D. Watkins, 

J. W. Corbett, and R. M. Walker, J. Appl. Phys. 30, 1198 p 9 5 9 7 ,  

and G. D. Watkins' paper given at the Paris, France, Radiation 

Damage Symposium Ljuly 14;647), - it is well known that the vacancy 

in n-type silicon becomes mobile at about 60°K. 

temperature of the A center is about 34OoC,  it is possible that 

the defects which correspond to the annealing stage at 290°K 

are formed by oxygen atoms and some primary irradiation-induced 

defects, besides vacancies, which are mobile below BOOK. 

possibility that the 290°K annealing stage is related to the 

oxygen-enhanced annealing, such as the annealing of the divacancy 

in Si ( G .  D. Watkins, to be published in Phys. Rev.) and the 

1.8 u radiation-induced infrared band (J. C. Corelli, G. Oehler, 

J. F. Becker, and K. J. Eisentraut, to be published in J. Appl. 

Phys. LRay 19657)  - is ruled ou t ,  since there is no corresponding 

annealing stage in the floating zone sample. There are two 

possible explanations for the reverse annealing at about 240°K. 

- - 

Since the annealing 

The 

One is that a dissociation of some complex defects produced 

favorably at 80°K irradiation occurred around that temperature, 

its fragments individually forming stable defects with some 

imperfections (probably oxygen atoms) existing in the pulled 

crystal only, which are able t o  trap carriers at liquid nitrogen 

temperature. The dissociating defects might exist in the floating 

zone crystal, but there are not enough oxygen atoms to form the 

stable defects to trap carriers, such as the A center. The 

other possible explanation may be as follows: This behavior 
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may occur in the case of annealing of donors whose levels lie 

in the forbidden band close to bottom of the conduction band. 

These centers are then almost completely ionized in samples at 

the temperature of liquid nitrogen and their annealing reduces 

the free-electron density. 

2 2 0 ° K  in the pulled crystal is not significantly different in 

15'K and 8 0 ° K  irradiations. 

stages between 8 0 ° K  to 3 5 0 ° K  for n-type silicon irradiated by 

45 Mev electrons at 8 0 ° K  and 1 5 O K .  

in carrier concentration in these three stages for various 

samples are summarized in Table 111. 

The annealing stage from 9 0 ° K  to 

In general, there are three annealing 

The percentages of recovery 

Samples % of Recovery 
8 0 ° K  to 22o0K - 2 6 5 O K  2 6 5 O K  to Total up 

220°K 3 5 0 ° K  to 350°K 

Si-N- 1 3 1% - 6% 25% 5 0 %  

3 3 %  - 4 %  2 4 %  5 3% 

Si-N- 100 22% - 4 %  33% 5 1% 

3 7% 1% 14% 50% 

8OoK ir- 
radiated 

1 5 O K  ir- 
radiated 

Table I11 

The percentages of carrier concentration recovery in the 

annealing stages from 80°K to 350'K for pulled crystal of n-type 

Si (1, 10 and 100n-cm). 

~~ 
~~~~~~ ~ . ~~ 

From the above data, one nay notice that there would be an 
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annea l ing  s t age  which s t a r t s  t o  appear a t  about an anneal ing 

temperature  of 350°K. 

of t h e  E c e n t e r  (phosphorous-vacancy complex). Af te r  annealing 

up t o  about 360°K one of t h e  predominant d e f e c t s  i n  pul led  

c r y s t a l s  remaining i s  t h e  oxygen-vacancy complex (A c e n t e r )  

which has  an energy l e v e l  about 0 . 1 7  ev below t h e  conduction 

band (see  Figure 2 4  of t h i s  repor t  and Figure 33 of our previous 

progress  r e p o r t ) ,  f o r  which the Ki tovski i  method was used t o  

This may be due t o  t h e  anneal ing s t a g e  

compute t h e  va lue  of t h e  energy l e v e l  (K i tovsk i i ,  Mashovets, and 

Ryvkin, Soviet  Physics - S o l i d  S t a t e  4 2088 LT964.7). From 

t h e  temperature dependence curves of Figure 2 4 ,  one may a l s o  

i n f e r  t h a t  t h e r e  might be some o t h e r  d e f e c t s  annealed out  around 

29OoK with  an  energy l e v e l ,  very roughly est imated t o  be a t  about 

0 . 1  ev below t h e  conduction band. 

d e f e c t s  wi th  0 . 1 7  ev energy l e v e l  i n  var ious  r e s i s t i v i t y  n-type 

s i l i c o n  pu l l ed  c r y s t a l s  produced by 45 Mev e l e c t r o n  i r r a d i a t i o n  

a t  BOOK a r e  roughly t h e  same about 0.25cm-', but t h e  production 

i s  about two times lower f o r  15OK i r r a d i a t e d  10n-cm s i l i c o n  

-' - 

The production r a t e s  of t h e  

sample. 

Wertheim and Buchanan (J. Appl. Phys. L 3 0 ,  1232 LT9597) - 
r epor t ed  an anneal  of mobi l i ty  a t  12o0K i n  1 Mev e l ec t ron -  

i r r a d i a t e d  P-doped s i l i c o n  ( f l o a t i n g  zone c r y s t a l )  wi th  a f l u x  

o f  6 . 0  x e/cm . Due t o  the  low d e f e c t  production r a t e  i n  

1 Mev e l e c t r o n  i r r a d i a t i o n  of  s i l i c o n ,  t h e i r  da t a  can be used 

t o  compare t o  our  sample i r r a d i a t e d  with 6 . 4  x 1013 e/cm2 even 

2 

though t h i s  sample had more damage than  t h a t  of Wertheim and 
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Buchanan. However, there was an annealing stage at about 

125OK, during which 5% of the damage recovered in carrier 

concentration, but about 20% in - 1. This agrees qualitatively 

with Wertheim's data. 

that the concentrations of the A center and of the E center 

increase in the temperature range from 200°K to 300°K (see 

Watkins F ound in his spin resonance work 

previous page for references), and some unidentified spectra 

disappeared between lOOoK to 20o0K (private communication) 

in his low-energy electron-irradiated silicon. Unfortunately, 

there is no detailed work being reported on the annealing properties 

of low energy electron or gamma ray-irradiated Si from 80 K to 

room temperature. Therefore, it is impossible to make a comparison 

between the annealing behaviors of  low energy and high energy 

0 

electron-irradiated n-type silicon in order to ascertain which 

annealing stages are due to some characteristic defects caused 

by high energy electron irradiation only. 

been done on germanium. The reader is referred to: 

This kind of work has 

1. Our previous Progress Report. 

2 .  E. G. Wikner, Phys. Rev. 138A, 294 (1965). 

In general, the percentage of damage annealed out for 

45 Mev electron-irradiated n-type silicon is larger in - 1 than 
in n (see Table IV), which may suggest a possibility that most 

of the complex defects formed by high energy electron irradiation 

only are annealed out in the temperature below 350°K. 

P 



Samples 

ln -cm Pulled 
F. Z. 

loa -cm Pulled 
F. Z. 

1 0 9  -cm Pulled 
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Table IV 

% of Recovery 

n 
~ 

50% 

30% 

53% 

30% 

50% 

yy 
55% 

55% 

70% 

72% 

85% 

In Table IV, we note that the samples with higher resistivities 

had more recovery in - 1, which is another evidence supporting the 

imperfection dependence of annealing behavior of n-type Si in 

the temperature range from 80°K to 350°K, which was mentioned 

/II 

in our previous report. 
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VII. Initial Studies of Defects Induced in 45 Mev Electron- 

Irradiated Silicon Using Photoconductivity as the Probe 

Li-Jen Cheng 

In this section we report on some preliminary results 

on measurements of photoconductivity spectra in n-type Si 

irradiated with 45 Mev electrons at room temperature ( 2 9 6 O K ) .  

The samples were placed in a liquid nitrogen cryostat 

fitted with a NaCl window which could transmit infrared light. 

A modified Perkim-Elmer Model 12C infrared spectrometer was 

used as a source of monochromatic infrared light. In order to 

suppress parasitic scattered light, an Si filter was placed in the 

beam of light incident on the sample. The light intensities 

were measured by an infrared-detecting thermocouple, which is 

an integral part of the Model 12C infrared spectrometer. 
3 The samples had dimensions of about 0.1 x 0.1 x 0.5 in. 

and were cut from loon-cm floating zone silicon doped with 

arsenic and phosphorous. 

In Figure 25, the photoresponse (photo current/intensity 

of light) of each of the samples is plotted as a function of 

wave length. There were some essential differences found between 

the samples doped with P and A s  which are evident in the results 

shown in Figure 25. 

total integrated flux of 6 x e/cm . The photoconductive 

currents were measured using a Kethley electrometer, due to the 

high resistances of the samples at 80°K after irradiation. 

There were two defect energy levels found in each sample. For 

Both samples were irradiated with the same 
2 
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the sample doped with phosph.orous the photon energies causing 

the defect photoconductivity are located at about E,-0.4 ev 

and Ec-0.6 ev. 

defect photoconductivity were found to be very difficult to pinpoint 

from our recent data. The defects associated with an energy of 

0 . 4  ev may be the phosphorous-vacancy complex (E center), found 

by spin-resonance and electrical property measurements since 

no such levels are observed in the arsenic-doped samples. There 

were also two steps in the photoconductivity spectra found in the 

irradiated samples doped with A s  (see Figure 25), which correspond 

to the threshold photon energies, at E,-0.55 ev and tentatively 

at E,-O.75 ev. 

However, the actual values of the threshold of 

Measurement of the kinetics in photoconductivity of the 

irradiated samples has been started. The effects of  infrared 

quenching and charge transfer were observed in 100n-cm P-doped 

floating zone silicon irradiated with 45 Mev electrons. A 

systematic investigation of infrared quenching and charge transfer 

phenomena is underway in order to find the actural cause for 

these effects. 

A low-noise, high input impedance amplifier capable of 

measuring a signal of volt at a 13 cycle/sec frequency 

is under construction in an attempt to improve the sensitivity 

of our measurement. We have also concluded that a double pass 

single beam infrared monochromator is needed to improve our 

energy resolution. 



Figure Captions 

Fig. 1 Carrier lifetime v s .  1000/T(°K) for an 8.5 ohm-cm 

antimony-doped germanium sample irradiated at 86'K by 

50 Mev electrons. The temperature dependence of T is 

shown before irradiation and after various anneals at 

the indicated temperatures. 

Fig. 2 Calculated carrier lifetime,T , vs. 1000/T(°K) for 

an n- type germanium sample containing electrons/cm 3 

using Shockley-Read' analysis applied to two independent 

recombination levels. 

Fig. 3 Isochronal annealing of  traps and recombination centers 

of 50 Mev electron-irradiated 8.5 ohm-cm antimony-doped 

germanium. (See Text for discussion and explanation 

of symbols. ) 

Fig. 4 Photo-induced excess carrier concentration plotted vs. 

decay time for two 8.5 ohm-cm antimony-doped germanium 

samples irradiated at 300°K by 10 and 55 Mev electrons. 

Isochronal annealing of the 1 . 8 ~  band for two pulled 

silicon samples (sample $11.1 and $12.1) and one floating 

zone silicon sample (83.1). Fraction of damage 

remaining is plotted vs. annealing temperature. A l l  

measurements were made at 296OK. 

further details of samples.) 

Isochronal annealing of the 3.6 and 3.4 /" bands for 
two pulled silicon samples (#1.1 and $12.1) and one 

floating zone silicon sample ( # 3 . 1 ) .  A l l  measurements 

made at 80°K. 

Fig. 5 

(See Table I for 

Fig. 6 

(See Table I for further details of samples.) 

Fig. 7 Isochronal annealing of radiation-induced oxygen-defect 

lattice vihrational bands vs. annealing tenperature f o r  

a pulled n-type silicon sample (#2.1). In addition to the 



Fig. 8 

Fig. 9 

Fig. 10 

Fig. 11 

Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 

Fig. 16 

Fig. 17 

Fig. 18 
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anneal of the 834 cm" (12 u) and 854 cm-' (11.6 u), the 

growth and decay of two other bands at 894 cm-l (11.2 u) and 

l l Q 3  cm-l (9.07 u) is also included. 

were made with sample at 80°K. 
All measurements 

(See Table I for 

sample details.) 

Isochronal annealing of radiation-induced oxygen- 

defect lattice vibrational bands vs. annealing 

temperature for a pulled p-type (before irradiation) 

silicon sample / I l l .  A l l  measurements were made with 

sample at 80°K. 

Carrier concentration v s .  1000/T for Ge ( A s )  1 0 0  -cm 

n-type irradiated with 50 Mev electrons at 320°K. 

Resistivity vs. 1000/T for Ge(As) 100 -cm n-type 

irradiated with 50 Mev electrons at 320°K. 

Carrier concentration vs .  1000/T for Ge(Sb) l0R-cm 

n-type irradiated with 15 Mev electrons at 320°K. 

ResisCivity vs. 1000/T f o r  Ge(Sb) l O f 1  -cm n-type 
irradiated with 15 Mev electrons at 320°K. 

Carrier concentration vs. IOOO/T for Ge(Sb) lofl-crn 

n-type irradiated with 15 Mev electrons at 320°K. 

Resistivity vs. 1000/T for Ge(Sb) l o f l - c m  n-type 

irradiated with 15 Mev electrons at 320°K. 

Carrier concentration vs. 1000/T for Ge(Sb) lOR-cm 

n-type irradiated with 50 Mev electrons at 320'K. 

Resistivity vs. 

irradiated with 50 Mev electrons at 320°K. 

Carrier concentration vs. 

p-type irradiated with 15 Mev electrons at 320°K. 

Resistivity vs. 

with 15 Mev electrons at 320°K. 

(See Table I for sample details.) 

1000/T for Ge(Sb) lo:! -cm n-type 

1000/T for Ge 3 0 Q - m m  

1000/T for Ge 30n-cm p-type irradiated 



Fig. 19 

Fig. 20 

Fig. 2 1  

Fig. 22 

Fig. 2 3  

Fig. 2 4  

Fig. 25 
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Flux dependence of absorption coefficients of several 

radiation-induced oxygen vibrational bands in pulled 

silicon irradiated with '. 45  Mev electrons. 

Infrared spectra from 1600 to 2500  cm-' of 4 5  Mev 

electron-irradiated silicon of initial O.Olf?-cm 

resistivity. 

Fraction of damage remaining in carrier concentration 
' I f  

' vs. annealing temperature (10 minute isochronal 

anneals) after 44 Mev electron irradiation at 8OoK 

of 100 c-cm arsenic-doped pulled silicon. 

integrated flux = 2 . 7  x e/cm . 
Total 

2 

Fraction of damage remaining in carrier concentration 
* n  
G . I  vs. annealing temperature (10 minute isochronal -- 

anneals) after 4 5  Mev electron irradiation at 

of 11 L?-cm phosphorous-doped pulled and floating zone 

15OK 

silicon. Total integrated flux 3 x 1014 e/cm 2 . 

Fraction of damage remaining in reciprocal Hall mobility 

f(l/p) vs. annealing temperature (10 minute anneals) 

after 45 Mev electron irradiation at 

80°K of 10 cl-cm (P-doped) floating zone silicon. 

Temperature dependence of carrier concentration after 

15'K and at 

successive 10 minute anneals at the temperatures 

indicated for 100fi-cm arsenic-doped pulled silicon 

irradiated at 80°K with 44 Mev electrons. 

Photoconductivity spectrum measured at 80°K (DC 

photocurrent per unit light intensity v s .  wavelength) 
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f o r  two 100-[1-cm As-doped and one 1000-cm P-doped 

f l o a t i n g  zone s i l i c o n  samples i r r a d i a t e d  a t  320°K 

with 48 Mev e l ec t rons .  (The t o t a l  i n t eg ra t ed  f l u x  

rece ived  by each s a m p l e  i s  shown i n  the  F igure . )  
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